Cytochrome P450-dependent microsomal monooxygenase (P450) activity was measured in control and atrazine-exposed third instar midge larvae, Chironomus tentans. Significantly elevated Odemethylase activity was observed in gut homogenates taken from midges exposed to atrazine concentrations from 1 to 10 ppm for 90 h. No significant induction was observed at atrazine concentrations below 1 ppm. A region of a cytochrome P450 family 4 gene was amplified and sequenced from C. tentans larvae. Alignments of inferred amino acid sequences with other insect CYP4 gene homologues indicate a high degree of similarity. Northern blot analysis employing the CYP4 gene fragment as a probe showed an overexpression in C. tentans exposed to atrazine. The results support the previously identified inducibility of cytochrome P450dependent activity and provide insight into the potential consequences of atrazine exposure to aquatic organisms.
Introduction
Cytochrome P450-dependent microsomal monooxygenases represent the single most important enzyme system involved in the detoxification of xenobiotics and have been detected in virtually all organisms examined from bacteria to mammals. In insects, this system is important in regulating levels of endogenous compounds such as hormones, fatty acids and steroids, as well as in the biotransformation of xenobiotics such as pesticides (Scott, 1999) . P450 enzymes are also found in the biosynthetic pathways of ecdysteroids and juvenile hormones, which are central to insect growth, development, and reproduction (Feyereisen, 1999) .
Cytochrome P450 represents an inducible enzyme system, and increased amounts of specific P450 isozymes are observed after exposure of organisms to a variety of organic chemicals (Scott, 1999) . Several major classes of environmental contaminants induce the cytochrome P450 system (Hoffman et al., 1995) . Cytochrome P450 enzymes are inducible through a mechanism that is controlled at the transcriptional level (Batar et al., 1997) . The net result of enzyme induction is an increase in enzyme activity. The ecological and physiological signifi cance of induction is uncertain, although with insects, induction is believed to provide versatility in the adaptation of insects to their environment (Terriere, 1984) .
Some of the most common pollutants in Midwestern US lakes and streams include agriculture herbicides from the triazine group such as atrazine (2-chloro-4-ethylamino-6-iso-propylamino1,3,5triazine) . Atrazine is used for control of broadleaf weeds in several major US grain crops. It is one of the most extensively used herbicides in North America, and has been detected in both surface water and groundwater (Gruessner and Watzin, 1996) . Studies of its occurrence and behavior in streams and rivers draining agricultural lands have shown that the highest atrazine concentrations usually occur in relatively brief pulses following rain events, especially those that occur soon after herbicide application (De-Noyelles et al., 1982) . However, significant effects of atrazine at ecologically relevant concentrations have been reported to cause hermaphroditism and demasculinization in male frogs exposed to 0.1 and 1.0 μg/l of atrazine (Hayes et al., 2002) .
Recently, several studies have shown that in larvae of the aquatic midge, Chironomus tentans (Fabricius), simultaneous exposure to atrazine and selected organophosphate insecticides caused greater than additive toxicity (Pape-Lindstrom and Lydy, 1997; Belden and Lydy, 2000; JinClark et al., 2000) . Body residue analysis of midges exposed in vivo to atrazine and chlorpyrifos mixtures indicated that chlorpyrifos was biotransformed more rapidly in atrazinetreated midges compared to unexposed controls. Additionally, in vivo biotransformation of chlorpyrifos in treated and control midges indicated that an increase in the toxic metabolite (chlopyrifos O-analog) was generated in atrazine-exposed midges (Belden and Lydy, 2000) . We have also measured the effect of atrazine exposure on cytochrome P450-dependent monooxygenase activity (aldrin epoxidase) and have found increased activity as a result of atrazine exposure (10 ppm) (Miota et al., 2000) . A 45kDa protein of increased intensity was observed after SDSPAGE of microsomal protein that is similar in size to cytochrome P450 enzymes reported for other insects. Heme staining of SDSPAGE gels and immunochemical studies using a Drosophila melanogaster anti-P450 polyclonal antiserum further support the cytochrome P450 nature of this inducible 45kDa protein.
Although a biochemical understanding of atrazine induction of P450 enzymes in C. tentans and its potential for synergism with other toxins is emerging, there is nothing presently known regarding the specific P450 forms involved in this induction. Identification of specific atrazineinducible P450 genes could enhance sensitivity of detection and provide insight into potential consequences of exposure. The objectives of present research were to: (1) optimize conditions for measuring induction of C. tentans P450dependent activity; and, (2) identify specific P450 genes involved in this process and measure their responsiveness to atrazine exposure.
Materials and methods

Atrazine exposure
Experiments were initiated by adding 50 C. tentans (third instar) to each of 3 replicate 1 liter glass beakers with 1000 ml of moderately hard water. C. tentans larvae were obtained from Wichita State University, Department of Biological Sciences, and were maintained according to US EPA protocols (US Environmental Protection Agency, 1993) . Due to the cannibalistic nature of C. tentans, approximately 2 cm of sand was added to each beaker to facilitate burrowing. Exposures were held at room temperature under a 16 h light/8 h dark photoperiod. Midges were allowed to acclimate to exposure water for 24 h prior to the addition of the atrazine. Atrazine (99% purity, Chem Service, West Chester, PA, USA) was delivered to the water using 1 ml of ethyl acetate (0.001, 0.01, 0.1, 1, 10 mg/l). Each experiment was performed in triplicate, consisting of one ethyl acetate control and three atrazine experimental beakers. After 90 h of exposure, midges were collected from each beaker for cytochrome P450 activity measurement.
Protein preparation
Gut tissue was dissected from C. tentans larvae by excising the head, thorax, and last two abdominal segments. The guts were pulled from the carcass and homogenates of 40 guts were prepared in 0.5 ml of 0.15 M potassium phosphate buffer (pH 7.4), 1 mM EDTA, and 10% glycerol, with a teflon glass PotterElvehjem type homogenizer (Scott and Liu, 1996) . Homogenates were centrifuged at 10,000g for 20 min, and the supernatant removed for use in enzyme assays. Protein concentration for all preparations was measured with a commercially available bicinchoninic acid protein assay (Pierce, Rockford, IL) adapted for microtitre plates according to manufacturer instructions, with bovine serum albumin as the standard.
Cytochrome P450 activity measurements
Cytochrome P450 functional activity was measured using 7methoxyresorufin as a substrate, which has previously been shown to be relatively specific for inducible cytochrome P450 in both mice and insects (Rodrigues and Prough, 1991) . Reaction mixes for both substrates included 2 μl of substrate (0.5 mM in ethanol), 40 μl of 10,000g supernatant from gut homogentes (0.5-1 mg), 143 μl of 0.1 M sodium phosphate (pH 7.8), 0.1 mM EDTA and 5 mM magnesium chloride. After a 1 min preincubation at 31 °C, 10 μl of NADPH (2 mg/ml in buffer) was added, and the reaction recorded for 10 min. Activity was measured in a 96well fluorescent plate reader (Fluoroskan Ascent FL Series, Labsystems; Helsinki, Finland). Methoxyresorufin O-demethylation was measured directly as the increase in resorufin fluorescence. Wavelength and slit settings were 530 nm, 4nm slit (excitation) and 580 nm, 0.5 nm slit (emission) for resorufin. A standard methoxyresorufin curve was used to quantify specific O-demethylase activity (Mayer et al, 1977) .
Significant differences in C. tentans O-demethylase activity among atrazine concentrations were determined by analysis of variance (PROC GLM; SAS Institute, 1999). Differences among treatment means were determined with the Fisher protected least significant difference (LSD) at the 5% level of significance (SAS Institute, 1999).
Amplification of genomic DNA by polymerase chain reaction (PCR)
Genomic DNA was isolated from 10 atrazineexposed C. tentans whole bodies by homogenization in 0.025 mM NaCl, 0.005 mM EDTA, 0.05 mM Tris, pH 7.5, 1% SDS. The homogenate was then treated with 10 mg/ml of proteinase K (Sigma Chemical Co., Los Angeles, CA) at 65 °C for 30 min and 10 mg/ml of Rnase A (Sigma) followed by incubation at 37 °C for 1 h. Two phenol:chloroform (50:50) extractions (Sambrok et al., 1989) were performed followed by ethanol precipitation, and DNA pellets were resuspended in 20 μl of TrisEDTA (pH 8.0). Partially degenerate polymerase chain reaction (PCR) primers were designed from the family 4specific primers reported by Snyder et al. (1995) and biased toward the published mosquito (Anopheles albimanus) sequence for a family 4specific gene (Scott et al., 1994) . Forward and reverse primers, corresponding to the ihelix and hemebinding regions of family 4 cytochrome P450s, respectively, were used 5′GAG GTI GAC ACI TTC ATG TTC GAA GGI CAC GAC AC3′ and 5′CTG ICC GAT GCA GTT ICG CGG ICC IGC CIT GAA CGG3′. Amplification of genomic DNA was accomplish by the following program: (75 °C for 2 min, 94 °C for 2 min, 35 cycles of 94 °C for 1 min, 45 °C for 2 min, and 72 °C for 3 min, followed by 75 °C extension for 5 min) in a 50 μl reaction containing 50 mM KCl, 10 mM TrisHCl (pH 8.3), 2.5 mM MgCl 2 , 0.2 mM dNTPs, 0.001% gelatin, 0.2 μg of each oligonucleotide, 2.5 units of Amplitaq DNA polymerase (Applied Biosystems; Foster City, CA), and 1.6 μg of genomic DNA. Following amplification, PCR products were separated on a 1% lowmelt agarose gel (Biotech grade). Amplification products were visualized by ethidium bromide staining, and three bands ranging in size from 250 to 700 bp were obtained. The three products of approximately 250, 444 and 700 bp were excised from the gel and purified using a Sephaglass Band Prep Kit (Amersham Pharmacia Biotech; Piscataway, NJ). A total of seven PCR replicates were conducted, and products reamplified using the same reaction conditions, PCR program, visualization and isolation as previously described.
Purified fragments were sequenced in both directions at the Iowa State University DNA Sequencing Laboratory in Ames, IA. Sequence confirmation and amino acid translations were performed using the GCG10 software package (Genetics Computer Group; Madison, WI).
Northern blotting
A single PCR amplification product of 444 bp cor responding to a cytochrome P450 family 4 gene fragment from C. tentans was randomly labeled with digoxigeninconjugated dUTP using a DIG High Prime Labeling Kit (Roche Biochemical; Mannheim, Germany). Total RNA was isolated from the C. tentans larvae exposed to 0 and 10 ppm of atrazine using the Qiagen Rneasy kit (Valencia, CA). For all experiments, similar concentrations of 10 μg/μl and 260/280 nm absorbance ratios >1.8 were used. RNA was affixed to nylon membranes (ZetaProbe; BioRad, Hercules, CA) by capillary transfer following denaturing formaldehyde agarose electrophoresis (Herrin and Schmidt, 1988) . Standardized loadings were confirmed prior to probe hybridization by methylene blue staining intensity directly on nylon membranes (Stegeman and Livingstone, 1998) . Hybridization occurred over night at 45 °C followed by two reduced stringency washes in SSC and 0.1% SDS at room temperature with a final wash at 65 °C under constant agitation. Luminescent detection was accomplished using a DIG High Prime Detection Kit (Roche). Densitometric scanning was accomplished using a GelDoc 2001 interfaced with Quantity One software (BioRad).
Results
Atrazine induction of methoxyresorufin O-demethylase
Aqueous exposure of midges to 0.001, 0.01, and 0.1 mg/l of atrazine for 90 h did not result in significant induction (P > 0.05) of cytochrome P450 dependent O-demethylase activity in Chironomus tentans gut homogenates (Figure 1 ). In contrast, exposure of midges to 1.0 and 10 mg/l atrazine resulted caused significant induction of O-demethylase activity (P < 0.05) (1.5 and 3.9fold respectively) relative to the control or unexposed midges (Figure 1) .
Cytochrome P450 amplification (family 4)
Of the three products obtained from degenerate PCR, only the 444 bp product exhibited a nucleotide sequence similar to cytochrome P450 family 4 genes. The sequences obtained (accession number AY155456) share two regions of signature motifs, E ~ T ~ L ~ R, and P ~ D ~ K ~ F (Figure 2) , corresponding to cytochrome P450 family 4 genes. These regions contain amino acids highly conserved with other members of the CYP4 family in insects. A BLASTx search of Genbank using the C. tentans cytochrome P450 nucleotide sequence identified five insect cytochrome P450 genes that shared optimal translated protein homology: Helicoverpa armigera (Lepidoptera: Noctuidae) CYP4G8 with 74% of identity, Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae) CYP4G18 with 77% of identity, and Drosophila melanogaster (Diptera: Drosophilidae) CYP4G1 with 81% of identity (Genbank). Alignments of the inferred amino acid sequences (excluding primer regions) of the three CYP4 gene fragments including the CYP450 for C. tentans indicate the presence high degree of similarity among the sequences (Figure 2) .
Determination of cytochrome P450 family 4 expression
Northern blotting experiments employed a probe derived from the cytochrome P450 fragment previously identified. Two different bands of 1.6 and 1.9 kb RNA hybridized with the probe in both exposed and unexposed samples from third instar Chironomus tentans larvae (Figure 3) . Constitutive signals were more intense for atrazine exposed relative to unexposed midges suggesting that cytochrome P450 family 4 gene expression was induced by atrazine. The presence of two distinct bands suggests the presence of multiple genes and indi cates that at least two subfamilies of cytochrome P450 family 4 genes may be induced by atrazine.
Discussion
Results from this study suggest that a cytochrome P450 family 4 gene is induced by atrazine in third instar Chironomus tentans larvae. Exposure of midge larvae to 1.0 and 10 mg/l atrazine resulted in significantly increased cytochrome P450 activity relative to unexposed midges. Concentrations below 1.0 mg/l did not cause significant induction, and atrazine concentrations that caused induction are greater than those commonly reported in contaminated surface water. Given that cytochrome P450 plays a significant role in regulating growth and developmental hormones in both vertebrates and invertebrates, and due to its primary function in xenobiotic metabolism, environmental contaminants that influence its activity could result in important ecological effects.
Family 4 P450 genes have been identified in numerous insect species, including Anopheles albimanus (Rodrigues and Prough, 1991) , Manduca sexta (Snyder et al., 1995) , Drosophila melanogaster (Danielson et al., 1998) , Diabrotica virgifera virgifera (Scharf et al., 2001) and Musca domestica (Rodrigues and Prough, 1991) . Family 4 P450 genes are increasingly being identified as important in conferring resistance to insecticides and other environmental chemicals, and have also been implicated in toxin metabolism (Rodrigues and Prough, 1991) . Although amplification with primers designed from family 4 P450 genes resulted in a single product, northern analysis indicates that there may be at least two distinct family 4 Cytochrome P450 genes that are induced in C. tentans.
Although atrazine concentrations that caused significant induction of P450 activity in C. tentans were generally higher than what is considered to be environmentally relevant, the identification of specific P450 genes responsive to atrazine could provide the basis for developing more sensitive and specific molecular biomarkers that can be used in evaluation and protection of water quality. Additionally, because this enzyme system plays a critical role in numerous physiological processes, its induction measured at a molecular scale provides necessary genetic information to assess potential conse quences of exposure in aquatic organisms. 
